Internodal cells of three species of Characeae, Nitella flexilis, Nitella axilliformis and Chara corallina, were analyzed for the contents of Ca 2+ and Mg 2+ in the cytoplasm. To avoid contamination of Ca 2+ from the cell wall and vacuole, the vacuolar sap was replaced with a sorbitol solution containing Sr 2+ by the vacuolar perfusion method after the cell had been treated with Sr
Introduction
Calcium ion acts as a second messenger in many signaling processes of plants and regulates various physiological functions. Generally the cytoplasmic free Ca 2+ concentration ([Ca 2+ ] c ) in the resting state is kept at 100-200 nM (Felle 1991 , Trewavas and Knight 1994 , Rudd and Franklin-Tong 1999 , Trewavas 1999 . Dynamic changes in [Ca 2+ ] c occur in response to various stimuli, thus transducing signals in plant cells and tissues. The characean cell is a classical material for studying signal transduction. In characean cells electrical, chemical or mechanical stimuli elicit an action potential which is closely related to increase in [Ca 2+ ] c (Williamson and Ashley 1982 , Kikuyama and Tazawa 1983 , Kikuyama and Shimmen 1997 , Thiel et al. 1997 , Biskup et al. 1999 ). This increase in [Ca 2+ ] c was shown to be closely related to cessation of cytoplasmic streaming (Williamson and Ashley 1982, Kikuyama et al. 1993) . Thus Ca 2+ mediates the electrical signal (action potential) to the motile system. Dependence of the rate of cytoplasmic streaming on the [Ca 2+ ] c was shown in a plasmalemmapermeabilized cell model (Tominaga et al. 1983) .
A species of Characeae, Nitella flexilis shows a distinct Ca 2+ transient in response to endoosmosis (Hayama and Tazawa 1978 , Tazawa et al. 1994 . Since the Ca 2+ transient was observed in the absence of external Ca 2+ , Ca 2+ was assumed to be released from the intracellular Ca 2+ stores . Endoosmosis causes hydration of the cytoplasm, decreases its osmotic pressure and induces swelling of cell organelles including Ca 2+ stores. The hydration-induced Ca 2+ release (HICR) in N. flexilis is more marked than that in other species of Characeae, Nitella axilliformis, Chara corallina and Nitellopsis obtusa (Shimada et al. 1996) . The HICR was also observed in a cytoplasmic drop squeezed out from the cell, when the drop was treated with a hypotonic solution . The HICR observed in cytoplasmic drops was again significantly larger in N. flexilis than in other species (Shimada et al. 1996) . There may be several reasons for the difference in the extent of HICR. (1) Since HICR in N. flexilis was inhibited strongly by a water channel inhibitor HgCl 2 , it is reasonable to assume that the weak response of HICR may be due to a low water permeability of the membrane of Ca 2+ stores. (2) The total Ca 2+ content in the cytoplasm which is dependent on the density of Ca 2+ stores and the concentration of Ca 2+ in the stores may be different between N. flexilis and other species. (3) The density of Ca 2+ release channels in the membrane of Ca 2+ stores may be different between N. flexilis and other species. (4) The cytoplasmic buffer (sequestering) capacity for Ca 2+ may be weaker in N. flexilis than in other species. However, this possibility may be excluded, because the experiment of HICR in cytoplasmic drops was done in the presence of 5 mM EGTA whose Ca 2+ -binding capacity may be exceedingly larger than that of cytoplasmic organelles.
In order to check the second possibility, we measured the total content of Ca 2+ in the cytoplasm together with K + and Mg 2+ in three species of Characeae, N. flexilis, N. axilliformis and C. corallina whose capacities for HICR had been demonstrated to be markedly different (Shimada et al. 1996) .
Materials and Methods

Plant materials
Three species of Characeae, N. flexilis, C. corallina and N. axilliformis were used. They were cultured in plastic buckets with soil at the bottom. The buckets were placed in the shade of trees in the garden of one (M.T.) of the present authors. The culture medium was a mixture of tap water and rainwater. All materials were visibly not calcified.
Preparation of materials
Internodal cells longer than 6 cm were isolated from adjacent cells. They were washed with water and incubated in the pretreatment solution for about 7 h. The pretreatment solution contained either 10 mM KCl or 5 mM SrCl 2 . In the experiments of HICR cells were pretreated with 10 mM KCl in order to suppress generation of the action potential which is induced by mechanical stimulation such as touching and endoosmosis (Hayama and Tazawa 1978) . Generation of the action potential is accompanied with an increase in [Ca 2+ ] c caused by a large influx of Ca 2+ (Hayama et al. 1979 , Williamson and Ashley 1982 , Shiina and Tazawa 1987 , Kikuyama and Tazawa 1998 . Since the Ca 2+ content of the cell wall is very high Adachi 1990, Reid and Smith 1992) , we need to avoid contamination of calcium from the cell wall which may occur during squeezing out of the cell content with tweezers, as pointed out by Reid and Smith (1992 (Kiyosawa and Adachi 1990 ). As will be discussed later, the chance for contamination of wall calcium during squeezing out of the cell content (the mixture of the cytoplasm and the perfusion medium) is very small.
Isolation of cytoplasm without contamination of calcium from vacuole and cell wall
The vacuole which occupies 90-95% of the cell volume contains several mM of Ca 2+ (Tazawa et al. 1974 , Okazaki and Tazawa 1987 , Okihara and Kiyosawa 1988 which is markedly higher than the [Ca 2+ ] c which is about 100 nM (Williamson and Ashley 1982 , Tominaga et al. 1983 , Miller and Sanders 1987 . Then it is essential to avoid the contamination of the vacuolar Ca 2+ . To remove the vacuolar sap, the vacuole was perfused with a solution containing no Ca 2+ . As such a solution either 350 mM sorbitol or 350 mM sorbitol containing 5 mM SrCl 2 was used. SrCl 2 was added to prevent disintegration of the tonoplast and subsequent loss of cytoplasm during vacuolar perfusion (Okazaki and Tazawa 1987) .
The procedure of vacuolar perfusion was the same as before (Tazawa et al. 1976) . Briefly, the cell was placed on a plexiglass bench whose surface was smeared with Vaseline and exposed to the air so long until the turgor was lost. Then both ends of the cell were cut and covered with the perfusion medium. Vacuolar perfusion was started by tilting the bench. Perfusion medium amounting to four times the cell volume was used to replace the vacuolar sap completely with the perfusion medium. After the vacuolar perfusion the cell was ligated at one end with a polyester thread. Holding the thread tightly with fingers and hanging the internodal cell in the air, the cell content was squeezed out by stroking the cell with tweezers from the ligated end to the open end. The squeezed-out cell content which was the mixture of the cytoplasm and the perfusion medium was placed on a sheet of Parafilm (American National Can) and its weight was measured in order to know its volume. Then the mixture was diluted with water amounting to ten to twenty times the volume of the mixture.
To separate chloroplasts from the mixture, the mixture was centrifuged at about 1,000´g for 1 min. The supernatant and the precipitate containing mostly chloroplasts were separated and diluted with water after weighing each fraction. Hereafter the former and the latter will be called chloroplast-free fraction and chloroplast fraction, respectively.
Determination of ion contents
The mixture, the chloroplast-free fraction or the chloroplast fraction were diluted with water to extract ions. After addition of water some specimens were frozen overnight and thawed for extraction. No significant differences were observed in ion contents between both extraction methods. The diluted sample whose volume was more than ten times the original volume was transferred into Minicent 10 (TOSOH, Tokyo), a plastic tube equipped with a membrane for ultrafiltration by centrifugation in order to remove high molecular weight substances (more than 10,000). The tube is composed of three parts, a cap, and a reservoir with a membrane and the reservoir for the infiltrated sample. Before use, the membrane was rinsed with water two times by centrifugation at about 3,000´g for about 60 min to remove NaN 3 from the membrane. The samples collected by centrifugation at 3,000´g were analyzed for cations with an ion chromatograph (HIC-6A, Shimadzu Corp., Kyoto) using a cation exchange column Shimpack IC-C3 (Shimadzu Corp., Kyoto). The sample volume was 50 ml. (Tazawa et al. 1976 ): Tazawa et al. 1974 ; 108 mM for C. australis (= C. corallina), Sakano and Tazawa 1984, Okihara and Kiyosawa 1988) .
Results
Total Ca 2+ and Mg 2+ contents in cytoplasm of cells pretreated with 10 mM KCl and perfused with 350 mM sorbitol
Internodal cells of C. corallina and N. flexilis were pretreated with 10 mM KCl for about 7 h. The cytoplasm was collected after the vacuolar perfusion with 350 mM sorbitol whose osmotic pressure was higher than that of N. flexilis (about 300 mOsm) and that of C. corallina (about 250 mOsm). Vacuolar perfusion with the hypertonic solution prevents loss of the streaming endoplasm (Tominaga and Tazawa 1981 The isotonic perfusion medium containing no Ca 2+ is known to be harmful to the cell, presumably through disintegration of the tonoplast (Tazawa and Kishimoto 1964 Assuming the thickness of the cell wall as 1 mm and adopting the data obtained by Reid and Smith (1992) , the calcium content of the cell wall of C. corallina is estimated to be about 1 M. Squeezing out of the cell content after vacuolar perfusion disrupts the plasma membrane and causes a direct contact of the cytoplasm with the cell wall. Then calcium bound to the cell may be released to the cytoplasm. To avoid this possible contamination of wall calcium, we incubated cells in a solution containing 5 mM SrCl 2 for about 7 h to exchange wall calcium with strontium. After Kiyosawa and Adachi (1990) 1-h immersion of either the intact cell or the cell wall of C. corallina in solutions containing Mg 2+ , Ba 2+ or Sr 2+ released most of the bound calcium from the cell wall. Reid and Smith (1992) reported that exchange of 45 Ca with wall calcium occurs with a half time of 2 min when the external Ca 2+ concentration was 2 mM. In view of these findings, 7-h incubation of cells with 5 mM SrCl 2 would suffice to replace most of wall calcium with strontium. Fig. 2 shows that cytoplasmic contents of both Ca 2+ and Mg 2+ after incubation of cells with Sr 2+ were similar to those without incubation (Fig. 1) , suggesting that the procedure of squeezing-out did not cause contamination of wall calcium into the cytoplasmic mixture. Again no significant difference in the Mg 2+ content was observed among the three species. The Ca 
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2+ and Mg 2+ contents of chloroplast-free cytoplasm fraction and chloroplast fraction Fig. 3A shows that the chloroplast-free cytoplasm fraction of all three species of Characeae contained nearly the same amount of Mg 2+ (6-8 mM) as the whole cytoplasm ( Fig. 1, 2 ). The Ca 2+ content increased again in the order of C. corallina (7.0 mM), N. axilliformis (8.3 mM) and N. flexilis (16.3 mM). The ion content of the chloroplast fraction was measured in C. corallina and N. flexilis but not in N. axilliformis, since the amount of chloroplasts in N. axilliformis was too little to be analyzed (Fig. 3B ). There was a big difference in both Mg 2+ and Ca 2+ contents in the chloroplast between C. corallina and N. flexilis. The Mg 2+ content of N. flexilis (17.1 mM) was 2.0 times that of C. corallina (8.6 mM). The Ca 2+ content of the former (31.3 mM) was 6.8 times more than that of the latter (4.6 mM). 2+ and Mg
Vacuolar concentrations of Ca
2+
The vacuolar sap which had been expelled from the cell by vacuolar perfusion was also analyzed for cations in N. flexilis and C. corallina ( (Tazawa 1964 , Tazawa et al. 1974 , Sakano and Tazawa 1984 , Okihara and Kiyosawa 1988 .
Discussion
For determination of the Ca 2+ content of the cytoplasm it is essential to exclude possible contamination of Ca 2+ from the cell wall and the vacuole both of which are known to be the two biggest Ca 2+ pools in characean cells (Table 1, Reid and Smith 1992) . By perfusing the vacuole with the hypertonic sorbitol solution containing 5 mM SrCl 2 , the vacuole was made Ca 2+ -free. Subsequent squeezing-out of the cell content with tweezers in the air was expected to prevent any possible contamination of Ca 2+ from the cell wall. To make the cytoplasm completely free from contamination of cell wall calcium we treated the cell with 5 mM SrCl 2 before ion analysis for 7 h. This time would be enough to exchange most of the wall calcium with strontium (Kiyosawa and Adachi 1990) . Since this pretreatment did not change much the Ca 2+ content of the cytoplasm (compare Fig. 2 with Fig. 1) , the procedure of squeezing-out the cytoplasm with tweezers did not bring about contamination of the sample with the cell wall calcium.
There were significant differences in the cytoplasmic Ca 2+ content among species of Characeae, while no significant difference was observed in the cytoplasmic Mg 2+ content (Fig. 1,  2) . The cytoplasmic Ca 2+ content of N. flexilis is 2.8-4.5 times more than that of C. corallina and 1.8-2.2 times more than that of N. axilliformis. The cytoplasmic Ca 2+ content obtained in the present study is markedly larger than the apparent pool size (50 mM) estimated from the uptake of 45 Ca into the cytoplasm of C. corallina (Reid and Smith 1992) but comparable to those of N. translucens (8 mM, Spanswick and Williams 1965) , C. australis (2.0-5.9 mM, Tazawa et al. 1974) , C. corallina (14.5 mM, Okihara and Kiyosawa 1988) and Lamprothamnium succinctum (2 mM, Okazaki and Tazawa 1987) . The Ca 2+ content of C. corallina obtained by Okihara and Kiyosawa (1988) (14.5 mM) is exceedingly higher than those obtained by Tazawa et al. (1976) (2.0-5.9 mM) and the present study (2.4-6.3 mM). Okihara and Kiyosawa (1988) froze cells of C. corallina for 1 d with a small amount of deionized water after the vacuolar perfusion with a mannitol solution and thawed the frozen samples before ion analysis. Although calcium in the cell wall was hardly lost during incubation in deionized water for 1 h (Kiyosawa and Adachi 1990) , it may be released from the cell wall during a longer incubation in water.
Nitella flexilis contained more Ca 2+ in the chloroplast-free cytoplasm than two other species. It is to be noticed that the ratio of the Ca 2+ content of chloroplasts between N. flexilis and C. corallina (6.8) is exceedingly larger than that of the chloroplast-free cytoplasm between them (2.3).
The extent of HICR of N. flexilis (Table 1 in Kikuyama and Tazawa 1998) is ten times larger than those of C. corallina and N. axilliformis (Table 2 in Shimada et al. 1996) . A high value of cytoplasmic Ca 2+ content in N. flexilis and a low value in C. corallina and N. axilliformis are in parallel with a high capacity of N. flexilis and a low capacity of other two species for HICR. It is not unreasonable to assume that the capacity for HICR is at least partly dependent on the Ca 2+ content of the cytoplasm.
In view of the fact that [Ca 2+ ] c is about 100 nM, most of the cytoplasmic Ca 2+ should be stored in cell organelles, probably in the endoplasmic reticulum (ER) known as a major organelle controlling cytosolic Ca 2+ (Quader 1990 ). If we assume that ER occupies one-tenth the cytoplasmic volume, the content of Ca 2+ in the ER will be 160 mM in N. flexilis. This value is similar to the Ca 2+ content of ER cited by Trewa- vas and Knight (1994) (10-1,000 mM) and to that (5-50 mM) found from different cell types (Meldolesi and Pozzan 1998) . The Ca 2+ content of the chloroplast is 4-40 mM (Kreimer et al. 1987 , Ettinger et al. 1999 . On the other hand, the free Ca 2+ concentrations in the chloroplast and in the stroma are 2.4-6.3 mM and 0.15 mM, respectively (Kreimer et al. 1988) . Then most of the total calcium in the chloroplast is assumed to be in the bound form. The chloroplastic contents of Ca 2+ in C.
corallina (5 mM) and in N. flexilis (31 mM) are of the same level as those cited above. In N. flexilis not only the cytoplasmic drop but also chloroplasts and chloroplast-free cytoplasm exhibited a distinct HICR , while in C. corallina the cytoplasmic drop (Shimada et al. 1996) and isolated chloroplasts (data not shown) showed a very small and no HICR, respectively. Thus there is a parallelism between the Ca 2+ content and the capacity for HICR not only in the cytoplasmic drop but also in the chloroplast. The difference in the cytoplasmic Ca 2+ content between different species of Characeae may reflect the difference in the amount of Ca 2+ -binding proteins in ER or in chloroplasts (Kreimer et al. 1987) . The affinity of binding proteins with Ca 2+ in these organelles may not be so strong as that of the cell wall matrix, since Ca 2+ in the organelles can be released by dilution with water, while Ca 2+ binding to the cell wall can hardly be released into water (Kiyosawa and Adachi 1990) .
In the present study we analyzed the Ca 2+ content of chloroplast-free cytoplasm separately from chloroplasts (Fig.  3) . It may be argued that the chloroplast fraction would be contaminated with nuclei, since the cytoplasm becomes accumulated at the centrifugal end in the order of chloroplasts, nuclei and endoplasm after centrifugation of the internodal cell of N. flexilis (Kamitsubo 1972) . However, we did not find nuclei in the chloroplast fraction when it was observed under the microscope. We reasoned that the difficulty in sedimentation of nuclei might be due to the insignificant difference in the specific gravity between the nuclei and 0.35 M sorbitol (1.022) which is significantly larger than that of the endoplasm (1.015, Kamiya and Kuroda 1957) . Thus the nuclei are possibly included in the chloroplast-free fraction.
Recently it was found that Ca 2+ is transported depending on ATP across nuclear membranes (Bunney et al. 2000) as across ER membranes. Furthermore, the nuclei have been reported to release accumulated Ca 2+ into the nucleoplasm and also into the cytoplasm in response to different stimuli (Goddard et al. 2000 , Pauly et al. 2000 , thus acting as a source of Ca 2+ signals independently of cytosolic Ca 2+ stores. Since the internodal cell of N. flexilis contains a large number of nuclei (about 3,000 per 1 ml cell volume, Iwasaki and Imahori 1968) , the contribution of nuclei to HICR may not be negligible. In this connection analysis of the Ca 2+ content in nuclei isolated from the chloroplast-free fraction is awaited.
